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The correlated intensity fluctuations in the two polarization modes (x and y) of a TEM00 vertical-cavity
semiconductor laser are studied experimentally and theoretically. We show that the dynamics of the laser
polarization and total output power are almost completely decoupled, and demonstrate how the frequency
dependence of the correlation function Cxy is related to dichroism and relaxation oscillations.
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The vertical-cavity surface-emitting laser ~VCSEL! is a
novel type of semiconductor laser with an almost circular
geometry and a very short cavity. Benefits of this construc-
tion are, for example, that the output beam is circular and
that lasing occurs in a single longitudinal mode. On the other
hand, the almost perfect circular symmetry results in a lim-
ited polarization stability, and may even lead to polarization
switching @1–3#. This unstable behavior is promoted by the
quantum noise, which is relatively strong in a VCSEL, due
to its small modal volume. It is well known that the light
emitted by VCSEL’s is approximately linearly polarized.
More detailed studies have shown that the output light con-
sists of a strong lasing mode and a weak nonlasing mode,
which is orthogonally linearly polarized with respect to the
lasing mode @4#. The relative strength of this nonlasing mode
quantifies the polarization fluctuations in the VCSEL.
A proper understanding of polarization fluctuations in
VCSEL’s is important for practical applications and also for
more fundamental topics, like the generation of intensity-
squeezed light. In applications, polarization-sensitive ele-
ments may lead to the detection of mode-partition noise, re-
sulting in a degradation of the signal-to-noise ratio. For the
generation of squeezed light, it is important to know how
large the effect of the polarization fluctuations on the total
intensity noise is, and whether polarization fluctuations can
deteriorate squeezing.
The aim of this paper is to study, experimentally as well
as theoretically, the intensity fluctuations of the two polar-
ization modes of a single-transverse-mode TEM00 VCSEL,
and the correlation between these fluctuations. So far, in
most studies of the correlation of a two-polarization-mode
laser, the amount of acquired insight was limited @5–7#, since
the theoretical description was rather complicated and per-
formed numerically. In this paper, we present a direct com-
parison of experimental data obtained on a VCSEL oscillat-
ing in the TEM00 fundamental mode with an analytic theory.
In Sec. II, we introduce this theory which describes the dy-
namics of the two polarization modes and the inversion in a
VCSEL. In particular, we focus on the validity of this theory
for practical VCSEL’s. In Secs. III and IV, expressions for
the intensity noise spectra and for the polarization correlation
function are derived, respectively. In Sec. V we present the
experimental data; in the successive subsections we discuss
the measured intensity and polarization-resolved noise spec-PRA 601050-2947/99/60~5!/4105~9!/$15.00tra. From these we derive the correlation function and dem-
onstrate its frequency dependence. Section VI gives a con-
cluding discussion.
II. TWO-MODE THEORY FOR VCSEL’S
An appropriate theoretical framework for the intensity
fluctuations of polarization modes and their correlation is
formed by a set of Langevin rate equations for the two po-
larization modes and the inversion, i.e., we use a two-mode
theory for a class-B laser. The advantage of such a two-mode
theory is that it is a transparent starting point, formulated in
terms of quantities that can be measured experimentally.
The standard theory to describe the polarization dynamics
of quantum-well VCSEL’s is the spin-flip model developed
by San Miguel, Feng, and Moloney @8#. However, in its full
generality this spin-flip theory allows only numerical solu-
tions, permitting limited physical insight into the polarization
dynamics. In this section we describe, by refining our earlier
work @9#, how one can obtain a simple two-mode description
from the spin-flip theory.
The spin-flip theory @8# incorporates the vectorial nature
of the optical polarization and models the conduction and
heavy-hole valence band by four discrete spin levels, which
interact as two pairs with the circular components of the
optical field. Effectively this model has two inversion reser-
voirs corresponding to the average inversion and the spin-
difference inversion.
The first approximation that we will apply is the adiabatic
elimination of the spin-difference inversion @9–11#. This is
allowed when both spin reservoirs are strongly coupled by
spin scattering, which corresponds to a large value of G ,
being defined as the ratio of the decay rates of the spin-
difference and average inversion. Experimental verification
of this assumption has been demonstrated @9,12#, yielding a
relatively large value of G.100–800. After adiabatic elimi-
nation one obtains the following set of equations for the
optical fields Ex and Ey and total inversion N:
dEx
dt 5k~12ia!~N21 !Ex1i~v lin/2!Ex1~g i/2!Ex
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where 2k is the intensity cavity-loss rate, v lin is the linear
birefringence, g i is the linear dichroism as projected onto the
birefringence axes, a is the amplitude–phase-coupling factor
@13#, N is the total inversion ~normalized with respect to
lasing threshold!, g is the spontaneous inversion decay rate,
and m is the normalized pump parameter ~at the lasing
threshold m50).
In Eqs. ~1a! and ~1b!, the next-to-last terms ~proportional
to 1/G) are remnants of the fast spin dynamics. The terms
proportional to uExu2Ey and uEyu2Ex correspond to the polar-
ization dependence of the optical saturation ~or nonlinear
dichroism! and nonlinear birefringence. The terms with the
complex conjugates correspond to a four-wave-mixing
~FWM! effect, which is only observable in VCSEL’s with
small linear birefringence, where it shows up as a weak
FWM peak in the optical spectrum @12#.
The second approximation needed to obtain a two-
mode theory involves a simplification in describing the
optical field. In the general vectorial description of a polar-
ized light field, one needs four variables, which we have
chosen in our earlier work @9# as total intensity, optical
phase, polarization angle f , and ellipticity angle x . In con-
trast, a two-mode theory requires only two variables, which
can be chosen as the intensities of the two polarization
modes x and y, or as the total intensity and the polarization
angle.
The optical phase can always be eliminated, since it is
not coupled to other variables due to time translation invari-
ance. Although the steady-state polarization of a VCSEL is
approximately linear, elimination of the ellipticity is not
trivial. Difficulties arise in particular when polarization fluc-
tuations become nonuniform in f and x , which is the case
when nonlinear anisotropies are as strong or stronger than
the linear anisotropies. Luckily, for almost every practical
VCSEL, linear birefringence is the dominant anisotropy,
which results in equal polarization fluctuations in f and x .In this case one optical degree of freedom can be eliminated
by ‘‘rotational averaging’’ of the fluctuations @9#. The polar-
ization can now be described with only one variable, being
the polarization angle, remembering that the steady-state po-
larization is linear and that the fluctuations in the ellipticity
can be directly derived from the fluctuations in the polariza-
tion angle. Of course one must check for practical cases
whether the linear birefringence is indeed dominant. Re-
cently we used a similar type of elimination to model sto-
chastic polarization switching with a one-dimensional Kram-
ers model @15#; the good agreement with the experiment in
that case underlines the validity of such an approach for
practical VCSEL’s.
After the rotational averaging one obtains the following
set of Langevin equations for the intensities Ix and Iy of the
x- and y-polarized TEM00 modes and the inversion N:
dIx
dt 52k~N21 !Ix1g iIx22
k
G
IxIy1Rspb1Fx~ t !,
~2a!
dIy
dt 52k~N21 !Iy2g iIy22
k
G
IxIy1Rspb1Fy~ t !,
~2b!
dN
dt 52g~N212m!2g~Ix1Iy!N12
g
G
IxIy1FN~ t !,
~2c!
where Fx , Fy , and FN are Langevin noise sources. Note that
Ix and Iy are normalized with respect to the saturation inten-
sity, so that I5bn with n the number of photons in the laser
cavity and b the spontaneous emission factor; finally, Rsp
52knsp , where nsp>1 quantifies the degree of inversion.
Note that the rotational averaging corresponds to eliminating
the FWM terms in Eqs. ~1!, i.e., the assumption of dominant
linear birefringence reduces the number of polarization de-
grees of freedom from two to one, and also removes the
FWM effect @9,12#.
III. MODE-PARTITION NOISE
In this section we will derive expressions for the noise
spectra of the total intensity and for the intensities in both
polarization modes. In order to obtain these expressions, we
linearize the Langevin equations @Eq. ~2!# around the steady-
state values I¯x , I¯y , and N¯ ’1. This results in the following
set of Langevin difference equations for the fluctuations
DIx ,DIy and DN:d
dt S DIxDIy
DN
D 5S 0 2 2kG I¯x 2k I¯x2 2kG I¯y 22g i22kG ~ I¯x2 I¯y! 2k I¯y
2g12
g
G
I¯y 2g12
g
G
I¯x 2g~11 I¯x1 I¯y!
D S DIxDIyDN D 1S FxFyFND , ~3!
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zero.
Next we solve these Langevin difference equations in the
Fourier domain. As exact solution of the equations gives
rather tedious expressions, we make two approximations. ~i!
The average intensity of the nonlasing mode ( I¯y) is assumed
to be much smaller than that of lasing mode ( I¯x); this as-
sumption is valid for practical VCSEL’s ~typically, we find
M[ I¯y / I¯x,0.02, as we will see below!. Therefore, we will
neglect terms proportional to I¯y in Eq. ~3!. ~ii! The contribu-
tions due to carrier noise is neglected, so that the Langevin
noise sources are given by
^Fi~ t !&50,
^Fx~ t !Fx~ t1t!&52Rspb I¯xd~t!,
~4!
^Fy~ t !Fy~ t1t!&52Rspb I¯yd~t!,
^Fx~ t !Fy~ t1t!&50,
^FN~ t !FN~ t1t!&5^FN~ t !Fx~ t1t!&5^FN~ t !Fy~ t1t!&50.
~5!
With these approximations, we find the following expres-
sions for the noise spectra of the total intensity and the modal
intensities:
^uI~v!u2&52Rspb I¯x
v214g ro
2
~v22v ro
2 !214g ro
2 v2
, ~6a!
^uIx~v!u2&52Rspb I¯x
v214g ro
2
~v22v ro
2 !214g ro
2 v2
12Rspb I¯y
v ro
4
@~v22v ro
2 !214g ro
2 v2#~v214g0
2!
,
~6b!
^uIy~v!u2&52Rspb I¯yS 1
v214g0
2D , ~6c!
where I5Ix1Iy is the total intensity, v ro5(2kg I¯)1/2 the
relaxation oscillation frequency, g ro5g(11 I¯)/2 the relax-
ation oscillation damping rate, and g0 the dichroism, i.e., the
damping of the polarization fluctuations. The dichroism g0
5g i1gnon consists of two parts @9#: a contribution due to the
gain difference between the polarization modes, or projected
linear dichroism (g i); and a contribution due to cross satu-
ration of the two polarization modes (gnon52km/G), result-
ing from the adiabatic elimination of the difference inversion
@10,11#.
The shape of the total intensity noise spectrum @Eq. ~6a!#
is determined by the relaxation oscillations @14#. Typical
numbers for the relaxation oscillation frequency and damp-
ing, found for VCSEL’s operating well above threshold, are
in the range v ro/2p52 –10 GHz and g ro/2p50.3–2 GHz,
respectively ~see also Sec. V C!. The intensity noise spec-trum of the nonlasing mode y @Eq. ~6c!# is due to mode-
partition noise; it has a Lorentzian shape, centered at zero
frequency, and a width of 2g0. The mode-partition noise is
concentrated at relatively low frequencies, because the di-
chroism in VCSEL’s is typically g0/2p50 –1 GHz @9,16#.
The noise in the lasing mode x @Eq. 6b!# depends both on
the relaxation oscillations and the mode partition fluctua-
tions. The first term in Eq. ~6b! is the same as the noise
spectrum of the total intensity noise, and dominates at higher
frequencies, being resonant around the relaxation oscillation
frequency. The second term is important only at low fre-
quencies, where it enhances the noise in the lasing mode as
compared to the total intensity noise. For the typical values
given above, the second term in Eq. ~6b! dominates at lower
frequencies, where it reduces to the mode-partition noise
@Eq. ~6c!#.
At this stage, it is important to note that our approxima-
tions ~i! and ~ii! in this section resulted in a relatively simple
decoupled description of the polarization fluctuations. By
‘‘decoupled’’ we mean that the fluctuations in the total out-
put power are independent of the cavity anisotropies ~dichro-
ism and birefringence!, which affect the polarization. The
dichroism appears only in the noise spectra of the individual
polarization modes. Linear birefringence was assumed to be
sufficiently large, in order to perform the ‘‘rotational averag-
ing’’ of the polarization fluctuations. A quantitative estimate
of the remaining small effects of the polarization dynamics
on the total intensity, in particular on intensity squeezing, are
given in Ref. @17#, where the present results are taken as a
starting point.
Previously, we have derived an expression for the average
modal ratio M5 I¯y / I¯x , as M5D/g0 @9#. More spontaneous
emission noise ~D! makes the nonlasing mode ~y! stronger,
whereas more dichroism (g0) makes it weaker. In fact, the
light in the nonlasing mode is ‘‘chaotic’’ or ‘‘thermal,’’
since integration of Eq. ~6c! gives ^uDIyu2&1/25 I¯y .
The amount of mode-partition noise will change in the
same way as the average mode ratio. Weak dichroism will
result in a strong nonlasing mode and large mode-partition
noise. In this case, the noise level at low frequencies of the
lasing mode will be only slightly higher than that of the
nonlasing mode, and both noise levels will be very large as
compared to the noise in the total output power. On the other
hand, strong dichroism will damp the nonlasing mode and
the mode partition noise of the nonlasing mode will disap-
pear below the total intensity noise, while the noise level of
the lasing mode will decrease toward that of the total inten-
sity noise.
IV. MODAL CORRELATIONS
In this section we will derive analytic expressions for the
correlation function in the case of decoupled polarization
noise presented in Sec. III. The total intensity is given by the
sum of intensities in the orthogonally linear polarized lasing
and nonlasing mode, I(t)5Ix(t)1Iy(t). The spectral density
of the total intensity noise ~or the intensity noise spectrum! is
given, via the Wiener-Khinchin theorem, as the Fourier
transform of the autocorrelation function,
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^I~ t !I~ t1t!&eivtdt
5Sx~v!1Sy~v!1Sxy~v!1Syx~v!,
~7!
where the individual noise spectra Si j(w) are given by simi-
lar integrals. The correlation function for the fluctuations in
the lasing and nonlasing mode is defined by
Cxy~v!5
Re$Sxy~v!%
ASx~v! Sy~v!
, ~8!
where Re$Sxy% is the real part of the cross-spectral density.
To obtain this correlation from experimental data, it is
more convenient to rewrite the correlation as
Cxy~v!5
S~v!2Sx~v!2Sy~v!
2ASx~v! Sy~v!
. ~9!
The correlation is now expressed as a normalized balance
between the total intensity noise and the fluctuations of both
polarization modes.
For decoupled fluctuations, i.e., ^DI(t1)DIy(t2)&50, a
case which naturally occurs when the power in the nonlasing
mode is much smaller than that in the lasing mode ( I¯y
! I¯x), the correlation function can be reduced to
Cxy~v!5
21
A11S~v!/Sy~v!
. ~10!
Comparison of the measured correlation analyzed according
to Eq. ~9! or Eq. ~10! can demonstrate whether polarization
fluctuations are indeed decoupled from total intensity fluc-
tuations.
A theoretical expression for the correlation can be ob-
tained by substituting the noise spectra of Eqs. ~6! into Eq.
~9!, which gives a rather cumbersome result. Since in most
experiments the correlation is investigated at low ~MHz! fre-
quencies, we will focus on the low-frequency limit
Cxy~v50 !5
21
A11S 4g0g ro
v ro
2 D 2YM
, ~11!
where M5 I¯y / I¯x is the mode ratio. Equation ~11! shows that
for smaller dichroism, which corresponds to a relatively
strong nonlasing mode and thus more mode-partition noise,
the polarization fluctuations become perfectly anticorrelated.
The degree of anticorrelation is a measure of the amount of
mode-partition noise, as the correlation results from a bal-
ance between total intensity noise and polarization noise of
the modes @see Eq. ~9!#. Increasing the damping and/or de-
creasing the frequency of the relaxation oscillations leads to
an increase of the low-frequency noise in the total output
power and lasing mode. This reduces the degree of anticor-
relation @see Eqs. ~9! and ~10!#.A demonstration of the frequency dependence of the cor-
relation can be given by an expansion for v!v ro ,
Cxy~v!v ro!’211
8
M S g rog0v ro2 D
2
@11v2/~4g0
2!#
3@11v2/~4g ro
2 !# , ~12!
where we have used g ro!v ro . The expansion of the square
root in Eq. ~10! is only valid when Cxy(v’0)<20.8. Equa-
tion ~12! shows that at higher frequencies the degree of an-
ticorrelation decreases, because the amount of Lorentzian
mode-partition noise decreases, whereas the total intensity
noise increases.
V. EXPERIMENTAL RESULTS
In this section, we compare results from experiments, per-
formed on a VCSEL oscillating in the two TEM00 polariza-
tion modes, with the theoretical results presented in Secs.
II–IV. Specifically, in Sec. V A we discuss measured inten-
sity and polarization-resolved noise spectra. In Sec. V B we
check whether the polarization fluctuations are decoupled
from the total intensity noise. In Sec. V C, we verify specific
results for the correlation based upon the developed two-
mode theory, these being the dependence of the correlation
on the dichroism and relaxation oscillations and on the fre-
quency.
A. Intensity and polarization-resolved noise spectra
For the experiments we have used a batch of about 50
proton-implanted VCSEL’s @18#. The lasers consist of 1-l
cavity with three 8-nm-thick quantum wells. The VCSEL’s
have a threshold injection current around 5 mA, while
higher-order spatial modes start lasing above 10 mA. We
have limited ourselves to the regime of fundamental trans-
verse mode operation.
Almost every individual device fulfilled the requirements
for a two-mode description discussed in Sec. II; specifically,
the condition for adiabatic elimination of the difference in-
version was previously shown to be valid for this particular
set of VCSEL’s @9#, and more than 90% of the lasers had a
sufficiently large birefringence to allow the ‘‘rotational aver-
aging’’ of the state of polarization.
We concentrated on the devices that exhibited a polariza-
tion switch. As the polarization stability of these switching
devices changes a great deal as a function of current, they
allow for a rather accurate comparison with theory. The re-
quirement that the VCSEL should exhibit a polarization
switch was quite a strong one for the batch under study and
decimated the amount of suitable VCSEL’s to six. Since a
detailed study showed the polarization-resolved intensity
noise of the remaining devices to be similar, we will give the
results for one laser only.
The selected VCSEL had a birefringence of 11 GHz and a
polarization switch at a current of 8.2 mA, centered in its
studied fundamental transverse mode regime between 6.0
and 9.5 mA. The threshold of this device was 5.0 mA, and
higher-order modes appeared at a current of 10.0 mA.
To measure the intensity noise of the lasing and nonlasing
polarization mode, the emitted light was passed through a
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isolator. The polarization-resolved intensity noise was first
measured with a 6-GHz photoreceiver ~New Focus 1534!. In
Fig. 1 the intensity noise of the lasing and nonlasing polar-
ization mode is shown as traces ~a! and ~b!, respectively, at a
laser current of 7.5 mA. At low frequencies the intensity
noise of the nonlasing and lasing mode is relatively high.
The amount of low-frequency noise decreased when a com-
bination of the two polarization modes was selected. A more
detailed inspection of the mode-partition noise showed that
the spectra were Lorentzian, having the same width for the
lasing mode and the nonlasing mode. At higher frequencies
the relaxation oscillations are visible in the spectrum of the
lasing mode, but not in the ~much weaker! nonlasing mode.
The fits of the measured noise spectra were in qualitative
good agreement with the theoretical expressions ~6b! and
~6c!.
Next we measured the total intensity noise ~not shown!: it
exhibited only the relaxation oscillation peak, but was some-
what noisy due to unintentional optical feedback, that existed
after the necessary removal of the optical isolator. The
6-GHz detector is a fiber-coupled detector, in order to facili-
tate alignment, which made feedback from the fiber ends
hard to avoid. Better measurements of the total intensity
noise were done with a slower 1-GHz detector ~New Focus
1601!, which was aligned at a small angle to prevent feed-
back. In Fig. 2 four noise traces @~a!–~d!# are shown at laser
current of 7.75 mA; traces ~a! and ~b! are from the lasing
mode and nonlasing mode, respectively, and traces ~c! and
~d! are the total intensity noise and a reference measurement
in the absence of light, respectively. Figure 2 demonstrates
that the mode-partition noise in polarization-resolved spectra
is much larger than the total intensity noise.
To measure the intensity noise more accurately at low
frequencies, we used a detector with a home-built preamp-
lifier with a bandwidth of 40 MHz. The noise level of this
detector was calibrated with a white-light source, and was
found to be shot noise limited above 0.2 mW ~in the mea-
surements, the total output power of the VCSEL was always
above 1 mW!. In Fig. 3 we show the noise spectra of the
FIG. 1. Broadband intensity noise of the lasing mode ~a! and the
nonlasing mode ~b! measured with a 6-GHz photoreceiver. The
lowest trace is the background noise ~c!. The spectrum of the lasing
mode contains mode-partition noise and fluctuations due to relax-
ation oscillations, whereas the spectrum of the nonlasing mode only
contains mode-partition noise. polarization modes and of the total output power, measured
with the 40-MHz detector at a laser current of 7.75 mA. The
lowest trace ~d! displays the background noise. The absolute
level of the total intensity noise @trace ~c!# around 20 MHz
was 2148 dB/Hz, which was 3.7 dB above the shot-noise
level. Note that the low-frequency measurements with the
40-MHz detector zoom in on the top of Lorentzian shaped
mode-partition noise in Figs. 1 and 2. The frequency depen-
dence of the noise traces is due to the detector response; after
compensation for this, the polarization-resolved intensity
noise @traces ~a! and ~b!# was found to be approximately flat
up to 50 MHz ~not shown!, as expected from the other mea-
surements. The intensity noise of the lasing mode was
slightly higher than that of the nonlasing mode, again as
expected from theory.
B. Decoupled fluctuations
In this section we will check whether or not intensity and
polarization fluctuations are decoupled. This is done by mea-
suring the correlation and analyzing it according to Eq. ~9!
and to Eq. ~10! over the full range of fundamental transverse
FIG. 2. Intensity noise measurements with a 1-GHz photo re-
ceiver of the lasing mode ~a!, the nonlasing mode ~b!, the total
intensity ~c!, and the no-light reference ~d!. The polarization mode-
partition noise clearly dominates over the total intensity noise.
FIG. 3. Intensity noise measurements with a 40-MHz photo re-
ceiver of the lasing mode ~a!, the nonlasing mode ~b!, the total
intensity ~c!, and the no-light reference ~d!.
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study the mode partition noise as a function of laser current,
starting with the 40-MHz detector.
Increasing the current toward the polarization switch
(iswitch’8.2 mA), we observed an increase in the noise lev-
els of the lasing mode and nonlasing mode, whereas after the
switch the noise levels decrease. The noise level of the lasing
mode was always slightly higher than that of the nonlasing
mode. The reason that the noise levels of the polarization
modes reach a maximum at the hop is that the mode-partition
noise is strongest where the polarization competition is also
strongest, being around the switching current.
By monitoring the mode-partition noise with the 6-GHz
detector, we found that the mode partition became stronger
toward the hop, while the width of the Lorentzian (2g0)
decreased. This explains the observed increase of the noise at
MHz frequencies, since less damping ~dichroism! results in a
stronger nonlasing mode and more polarization noise con-
centrated around lower frequencies. After the hop the
Lorentzian noise spectrum becomes weaker and broader. A
more detailed discussion of the dichroism as a function of
current will be given in Sec. V C.
The mode-partition dynamics discussed above had no ob-
servable effect on the total intensity noise. In fact it was
impossible to distinguish between VCSEL’s with or without
a polarization hop by observing only the total intensity noise.
This confirms the decoupled polarization-fluctuation frame-
work that we introduced in Sec. III.
To determine the correlation of the polarization fluctua-
tions, measured with the 40-MHz detector, we first used Eq.
~9!. Since the correlation is proportional to the difference in
total intensity noise and polarization-resolved intensity noise,
it is obvious from the data @Fig. 3# that the fluctuations are
anticorrelated because the intensity noise in each of the two
polarization modes is almost equal and relatively large as
compared to the total intensity noise. The correlation for low
frequencies, as derived from the measurements in Fig. 3 us-
ing Eq. ~9!, is shown in Fig. 4 ~solid curve!; in the transfor-
mation of Fig. 3 into Fig 4 we have compensated for the loss
due to the polarization projection and subtracted the back-
ground noise quadratically. The fluctuations in the two po-
FIG. 4. Correlation Cxy as a function of frequency calculated
from measurements in Fig. 3, using Eqs. ~9! ~solid curve! and ~10!
~dashed curve!.larization modes are indeed found to be almost completely
anticorrelated.
To check whether or not the polarization noise is decou-
pled from the intensity noise, we also calculated the correla-
tion from the measured noise spectra of the nonlasing polar-
ization mode and the total output power according to Eq.
~10!. This result is depicted as the dashed curve in Fig. 4. As
it agrees with the correlation found from the analysis based
upon Eq. ~9!, this proves again the validity of a decoupled
description.
As a next step we measured the total intensity noise and
the intensity noise in both polarizations as a function of cur-
rent, to calculate the correlation as before. The result is
shown in Fig. 5, where the correlation at 20 MHz is plotted
as a function of laser current; circular and square data points
show the correlation deduced using Eq. ~9! and Eq. ~10!,
respectively. From the good agreement between the two
methods of analysis, we conclude that the polarization fluc-
tuations are decoupled from the total intensity noise over the
full range of TEM00 operation.
When the current is increased toward the hop (iswitch
’8.2 mA) the degree of anticorrelation increases because
the mode-partition noise becomes larger, whereas the total
intensity noise is almost constant. Around the hop the modal
fluctuations were found to be almost exactly anticorrelated,
as Cxy520.997(2). After the hop, where the mode-partition
noise becomes again smaller due to larger damping ~dichro-
ism!, the degree of anticorrelation decreases accordingly.
C. Correlation and its frequency dependence
So far, we have analyzed the correlation directly from its
definition, as a normalized balance between total intensity
fluctuations and the intensity fluctuations of the polarization
modes @Eq. ~9!#. We will now verify the theoretical predic-
tions for the correlation @Eqs. ~11! and ~12!#, which are based
on the two-mode theory developed in Sec. II. In order to do
this we will first independently determine the parameters
v ro , g ro , g0 , and M.
FIG. 5. Correlation at 20 MHz as a function of the laser current.
The circles show the correlation calculated from Eq. ~9!. The
squares show the correlation calculated from Eq. ~10!, where it
was assumed that the intensity and polarization fluctuations are de-
coupled.
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high-frequency intensity noise of the lasing mode to Eq.
~6b!. The upper box of Fig. 6 shows the relaxation oscillation
frequency (v ro) and damping (g ro) determined as a function
of current. The relaxation oscillations were measured with
the 6-GHz detector. Since for higher currents the relaxation
oscillations frequency approaches almost 10 GHz, the re-
sponse of the detector was calibrated and corrected for,
which made measurements possible up to 12 GHz.
The important parameter for the correlation is the ratio
g ro /v ro
2 @Eq. ~11!#. The lower box of Fig. 6 shows that this
ratio is almost constant as a function of current, being 5
31023 ns21; near threshold the ratio increases somewhat.
The effective dichroism (g0), which is the difference in
gain between the lasing and nonlasing mode, can be mea-
sured in three different ways. The first method, as discussed
in Sec. V A, is to measure the width 2g0 of the Lorentzian-
shaped mode-partition intensity noise spectrum. In the
second method, the dichroism g0 is obtained from the optical
spectrum, as the difference in width @half width at half
maximum ~HWHM!# of the Lorentzian-shaped peaks of the
lasing mode and the nonlasing mode. The third method is to
pass the VCSEL light through a polarizer oriented at 45°,
which transmits 50% of the lasing mode and the nonlasing
mode. The intensity noise spectrum after this polarization
projection contains a beat, with a resonance frequency equal
to the birefringence, or frequency difference of the lasing and
nonlasing mode. The width ~HWHM! of this beat is equal to
the effective dichroism. The dichroism as function of current
is plotted in Fig. 7. All three methods reveal that the dichro-
ism becomes smaller toward the hop. The three methods are
in reasonable agreement; there is no obvious cause for the
remaining differences. Note that after the switch the dichro-
ism ~i.e., the polarization stability! increases again. Figure 7
demonstrates that the current dependence of the dichroism,
which results in a minimum at a certain current, is the actual
origin of the polarization switch at that current. Recently we
have shown experimentally that the remaining dichroism at
the polarization hop is in fact the nonlinear dichroism ~2km/
G!, i.e., the polarization-dependent cross saturation @9,15#.
FIG. 6. Current dependence of the relaxation oscillation fre-
quency v ro and damping rate g ro ~upper graph! and the ratio
g ro /v ro
2 ~lower graph!.The physical mechanism of the current dependence of the
linear dichroism is still somewhat of a mystery. However, we
have observed that this current dependence of the dichroism
is roughly the same in almost every VCSEL in this batch;
this includes VCSEL’s with small or large positive birefrin-
gence and even negative birefringence ~see also Ref. @9#!.
The average intensity ratio of the nonlasing mode and
lasing mode ~M! was determined from polarization-resolved
power measurements and Fabry-Pe´rot spectra. From power
measurements we obtained values of M ranging between 8
31023 and 1.731022, whereas the mode ratio determined
from areas under the peaks in the optical spectrum resulted in
values between 531023 and 1.731022. For both methods
the mode ratio was maximum (1.731022) near the polariza-
tion switch.
As mentioned in Sec. III, one expects the mode ratio M to
be approximately equal to the spontaneous emission noise
strength D divided by the effective dichroism g0 @9#. Larger
dichroism increases the polarization stability and thus the
mode ratio, whereas more noise makes the nonlasing mode
stronger and decreases the mode ratio.
Comparing the measured mode ratios with the measured
variations in the dichroism g0, we found somewhat better
agreement for the spectral measurements of the mode ratios.
We attribute the difference to very weak spontaneous emis-
sion in many very heavily damped higher-order transverse
modes. This was confirmed by the observation of a flat offset
in the Fabry-Pe´rot spectrum of the nonlasing mode. In order
to put this into the proper perspective, we emphasize that it
was not possible to identify individual higher-order modes
with a grating-based spectrum analyzer at intensities above
1023 times that of the nonlasing mode. For our calculation of
the correlation function @Eq. ~11!#, we will use the mode
ratios from the power measurements, since these are more
closely related to the direct measurement of the correlation.
The correlation of polarization fluctuations as calculated
from the measured relaxation oscillation frequency and
width, the dichroism measured with the Fabry-Pe´rot cavity,
and the mode ratio is shown in Fig. 8 ~squares!. Figure 8
demonstrates that the correlation ‘‘calculated’’ from Eq. ~11!
is in quantitative agreement with the directly measured-
FIG. 7. Dichroism as a function of laser current. The dichroism
was determined from optical spectra with a Fabry-Pe´rot ~triangles!,
from mode-partition noise spectra ~circles!, and from beat spectra
between the polarization modes ~squares!.
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~circles!.
An experimental demonstration of the frequency depen-
dence of the correlation is given in Fig. 9 ~solid curve!,
where the correlation was determined from the noise in the
total intensity and the individual polarization modes mea-
sured with the 1-GHz detector. We note that the detector
responsivity divides out in the calculation of Cxy(v). At
higher frequencies the degree of anticorrelation drops, since
the Lorentzian-shaped mode-partition noise spectrum de-
creases and approaches the total intensity noise spectrum.
Fitting the measured correlation with Eq. ~12! ~the dashed
curve in Fig. 9! resulted in values of g0/2p50.16 GHz and
g ro/2p51.0 GHz for the damping of the polarization fluc-
tuations and of the relaxation oscillations, respectively.
These values are in reasonable agreement with direct mea-
surements, which yield g0/2p50.15 GHz and g ro/2p
51.5 GHz, respectively.
VI. CONCLUSION
In conclusion, we have presented a two-mode theory valid
for the two polarization modes of a practical VCSEL. By
‘‘practical’’ VCSEL’s we mean VCSEL’s that have domi-
nant linear birefringence, strongly coupled spin reservoirs,
and a nonlasing mode that is much weaker than the lasing
mode. We have derived noise spectra for the total output
power and for the intensities of the separate polarization
modes and predicted that for practical VCSEL’s, polarization
fluctuations are decoupled from the total intensity noise. We
have shown quantitatively how the correlation function Cxy
is expected to depend on the dichroism and relaxation oscil-
FIG. 8. Correlation at 20 MHz as a function of the laser current.
The circles show the directly measured correlation function ~the
same circular points as in Fig. 5!. The squares show the correlation
calculated from measurements of the relaxation oscillations, dichro-
ism, and mode ratio using Eq. ~11!. lations. Furthermore we have demonstrated that the correla-
tion function is frequency dependent.
The experimental results confirm this remarkably simple
description of decoupled polarization dynamics. Specifically,
~i! we have observed no effect on the total intensity noise
from the polarization dynamics; ~ii! we have checked polar-
ization fluctuations to be decoupled from the intensity fluc-
tuations by analyzing the correlation with Eq. ~9! and with
Eq. ~10!; ~iii! the measured correlation was found to depend
on the dichroism and relaxation oscillations, as was expected
from theoretical predictions; and ~iv! we have also experi-
mentally demonstrated the frequency dependence of the cor-
relation function.
Furthermore we have demonstrated, by three independent
methods, that the dichroism has a minimum at the polariza-
tion switch ~Fig. 7!. A physical explanation of this current
dependence of the linear dichroism, i.e., the actual origin of
the polarization switch, is still under investigation.
The validity of a decoupled description of the polarization
noise has interesting consequences for the generation of
squeezed light in a single-transverse-mode VCSEL. Since
we have observed the polarization fluctuations to be decou-
pled from the total intensity noise, one expects that polariza-
tion dynamics cannot deteriorate squeezing. We have ad-
dressed these aspects in detail elsewhere @17#.
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